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Heparan sulfate proteoglycan receptor syndecan-1 interacts
with the carboxyl-terminal LG4/5 domain in laminin 332
(�3LG4/5) and participates in cell adhesion and spreading. To
dissect the function of syndecan-1 in these processes, we made
use of a cell adhesion model in which syndecan-1 exclusively
interacts with a recombinantly expressed �3LG4/5 fragment.
Plating HT1080 cells on this fragment induces the formation of
actin-containing protrusive structures in an integrin-independ-
entmanner.Herewe show that syndecan-1-mediated formation
of membrane protrusions requires dephosphorylation of tyrosine
residues in syndecan-1. Accordingly, inhibition of phosphatases
with orthovanadate decreases cell adhesion to the �3LG4/5 frag-
ment. We demonstrate that the PDZ-containing protein synte-
nin-1, knowntoconnect cytoskeletalproteins, binds to syndecan-1
in cells plated on the �3LG4/5 fragment and participates in the
formation of membrane protrusions.We further show that synte-
nin-1 recruitment depends on the dephosphorylation of Tyr-309
located within syndecan-1 PDZ binding domain EFYA. We pro-
pose that tyrosine dephosphorylation of syndecan-1 may regulate
its association with cytoskeleton components.

Laminins are comprised of three distinct subunits (�, �, and
�) and are multifunctional glycoproteins present in basement
membranes, which are essential structures for tissue formation
in early development and in adult tissues. A total of 15 laminin
isoforms have been identified and are tissue- and developmen-
tal stage-specifically expressed. Many studies have highlighted
that laminin � chains are required for proper tissue organiza-
tion and function (1). They also exhibit various biological activ-
ities via interaction with specific cellular receptors including
integrins, �-dystroglycan, and syndecans (2). Most cell binding
domains in laminins are in theGdomain, located in the carbox-
yl-terminal globular domains of the all � chains, consisting of a
repeat of 5 laminin G domain-like modules (LG1–5) (3).
Although the LG1–3 domain interacts predominantly with

integrins, the most extreme carboxyl-terminal pair of LG4/53
modules comprises heparin binding sites and connects with
heparan sulfate proteoglycans (4). In laminin 332 (LN332), the
�3 chain G1–3 domain binds �3�1, �6�1, and �6�4 integrins
to support several biological activities in epithelial basement
membranes (5–7), whereas the LG4/5 module was recently
shown to bind to transmembrane heparan sulfate proteoglycan
receptor syndecans, which mediate interactions with specific
ligands via their heparan sulfate chains. Among the four synde-
cans (syndecan-1–4) identified in mammals, syndecans-1, -2,
and -4 have been described as �3LG4/5 receptors (8, 9). An
interaction between syndecans-2 and -4 with a recombinantly
expressed �3LG4module was reported (8, 10) and proposed to
induce the expression of matrix metalloproteinase-1 through
the mitogen-activated protein kinase signaling pathway (11).
An interaction of syndecan-1 with either a recombinantly
expressed LG4/5 fragment or with the LG4/5 domain in puri-
fied precursor LN332 was reported to participate in keratino-
cytes adhesion and spreading (9, 12). Additional heparin bind-
ing activities have been detected within the LG4 or the LG5
subdomain (13–16); however, their interaction through heparan
sulfate proteoglycan-type receptors is not established yet.A recent
study using recombinantly expressed LN332 reported that synde-
can-1 interacts with the domain V in the �2 chain, which also
contains a heparin binding site (17); however, a cell adhesion-pro-
moting activity of this domain was not observed (18).
Syndecans are described either as co-receptors that cooper-

ate with other cell surface receptors or as cell adhesion recep-
tors that independently mediate cell signaling (19, 20). Their
short cytoplasmic domains are divided into two conserved
regions, C1 and C2, which share common characteristics
among all syndecans, and a central variable region, which con-
fers specific properties on each syndecan. The variable domain
in syndecan-1 regulates cell spreading and actin cytoskeleton
assembly (21) as well as fascin bundling (22). The C1 domain,
adjacent to the plasma membrane, is thought to participate in
syndecan dimerization and in binding of various intracellular
proteins such as ezrin (20). The conserved C2 carboxyl-termi-
nal tetrapeptide sequence present in all syndecans, EFYA, binds
some PDZ (Postsynaptic Density-95/Disc large protein/Zonula
occludens-1) domain-containing proteins, such as syntenin-1
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(23) and CASK (24), whichmay function as membrane scaffold
proteins that recruit signaling and cytoskeletal proteins to the
plasma membrane.
We have established a cell adhesion model in which synde-

can-1 solely interacts with a recombinantly expressed �3LG4/5
fragment (9). In thismodel, syndecan-1-mediated cell adhesion
to the LG4/5 fragment induces, in an integrin-independent
manner, the formation of protrusive adhesion structures
through activation of Rac and Cdc42 GTPases (12). However,
the syndecan-1-dependent signal transduction pathway lead-
ing to these morphological changes is still not well understood.
In this paper we made use of this �3LG4/5 adhesion model to
dissect syndecan-1-associated intracellular events. We ana-
lyzed the level of tyrosine phosphorylation in syndecan-1 after
cell adhesion to the LG4/5 fragment and revealed that synde-
can-1-mediated formation of protrusions requires dephospho-
rylation of tyrosine residues in its cytoplasmic tail. We demon-
strate that recruitment of the PDZ-containing protein
syntenin-1 to syndecan-1 depends on tyrosine dephosphoryla-
tion of syndecan-1 PDZ binding domain.

MATERIALS AND METHODS

Cells and Antibodies—Fibrosarcoma cells HT1080 (CCL-212,
American Type Culture Collection) and melanoma cells A375
(CRL-1619, American Type Culture Collection) were cultured
in Dulbecco’s modified Eagle’s medium containing 2mM gluta-
mine and 10% fetal calf serum. TheHaCaThuman keratinocyte
cell line (9) was grown in 50% Ham’s F-12 and 50% Dulbecco’s
modified Eagle’s medium supplemented with 2 mM glutamine
and 10% fetal calf serum. The monoclonal antibody Mi15
against syndecan-1was fromDako (DakoCytomation, Trappes,
France), mAbDL101 and rabbit pAbH-174 against syndecan-1
were from Santa Cruz Biotechnology (Le Perray en Yvelines,
France), pAb against syntenin-1 was from Synaptic Systems
(Göttingen,Germany), andmAbPY20 antibodies against phos-
photyrosine were from Sigma-Aldrich). The pAb anti-glutathi-
one S-transferase (GST) peroxidase conjugate was from Sigma.
LN332 and recombinant LG4/5 were prepared and purified as
previously described (25, 26).
Plasmids and Transfection—Cloning of full-length human

syndecan-1 cDNA in the expression vector pIRES1 neo (Clon-
tech/BD Biosciences) was previously described (12). Mutations
of the tyrosine residues (Tyr-276, Tyr-286, Tyr-299, and Tyr-
309) to phenylalanine in syndecan-1 cytoplasmic tail and trans-
membrane domain were obtained by PCR with oligonucleo-
tides containing the expectedmutations, cloned in pIRES1 neo,
and sequenced (Genome Express, Meylan, France). A375 cells
were stably transfected using the FuGENE 6 reagent (Roche
Diagnostics). 24 h after transfection cells were distributed in
24-well plates (5 � 104 cells/ml/well) in selective medium con-
taining 600 �g/ml G418 (Invitrogen). Individual colonies were
expanded and analyzed by cytofluorometry (fluorescence-acti-
vated cell sorter) to quantify syndecan-1 cell surface expression
as previously described (9).
To append the cytoplasmic domain of syndecan-1 to the car-

boxyl terminus of GST, the cDNA encoding this domain (from
Arg-277 to Ala-310) was amplified by PCR, subcloned into
BamHI and XhoI sites of pGEX-4T1 (Amersham Biosciences),

and sequenced (Genome Express). GST fusion proteins were
then produced in bacteria and purified on glutathione-Sepha-
rose 4B beads as recommended by the manufacturer’s instruc-
tions (Amersham Biosciences). Point mutations in the GST-
syndecan-1 fusion protein were introduced by PCR using
oligonucleotides encoding the respective mutated amino acid
residues. A three-letter code referring to the tyrosine residues
Tyr-286, Tyr-299, Tyr-309 was hereafter chosen to refer to the
nativeGST-syndecan-1 fusion protein (GST-YYY). The follow-
ing constructs were obtained: GST-DDD (Tyr-286, Tyr-299,
Tyr-309 were changed to Asp), GST-DYY (Tyr-286 was
replaced by Asp), GST- YDY (Tyr-299 was changed to Asp),
and GST-YYD (Tyr-309 was changed to Asp). For GST fusion
proteins with PDZ domains of syntenin-1, the cDNA encoding
PDZ1 (from Gly-102 to Pro-194), PDZ2 (from Thr-189 to Ile-
274), and PDZ1 and -2 (from Gly-102 to Met-270) domains
were amplified by reverse transcription-PCR (Titan one tube
RT-PCRkit, RocheDiagnostics) fromhuman keratinocyte total
RNA, subcloned into BamHI and XhoI sites of pGEX-4T1
(Amersham Biosciences), and sequenced (Genome Express).
Purification from bacteria lysates was as described above.
For human syntenin-1 (accession number NM_005625.3)

knock-down experiments, three siRNAs for which the
sequences are shared between the five syntenin isoforms
(400GCAAGACCUUCCAGUAUAAA, 452UGGAAUUCGUA-
GAGCAGAA, 903CUCUCAAAUUGCAGACAUA) were syn-
thesized (Sigma-Aldrich). For each individual siRNA, cell
transfection was performed using Lipofectamine 2000 reagent
(Invitrogen) with 100 nM duplex siRNA according to the man-
ufacturer’s recommendations. In all experiments cells were
analyzed 48 h after transfection, and viabilitywas assessed using
trypan blue. Each siRNA resulted in comparably reduced syn-
tenin expression, and results with only one siRNAwere shown.
A firefly luciferase GL2 sequence (CGUACGCGGAAUACU-
UCGA) was used as a negative control (100 nM) as described
(27) and resulted in no reduction of syntenin-1 expression.
Cell Adhesion and Inhibition Assays—Multiwell plates (Co-

star, Dutscher, Brumath, France) were coated with previously
determined concentrations of LG4/5 or LN332 substrates (12)
by overnight adsorption at 4 °C. Cells were detached with 5mM

EDTA-PBS and rinsed in serum-free medium. After saturation
of the wells with 1% BSA, cells were suspended in serum-free
medium and seeded (8 � 104 cells/well). After 30 min to 1 h,
non-adherent cells were washed with PBS, and the extent of
adhesion was determined after fixation of adherent cells fol-
lowed by stainingwith 0.1% crystal violet and absorbancemeas-
urements at 570 nm as previously described (28). A blank value
corresponding to BSA-coated wells was subtracted. Each assay
point was derived from triplicate measurements (3 wells per
assay point). Adherent cells were photographed using an Axio-
vert 40 Zeiss microscope coupled to a Coolsnap Fx Camera
(Roper Scientific, Evry, France).
Inhibitor Treatments—Sodium orthovanadate, genistein, and

staurosporine were from Sigma. Stock solutions of genistein and
staurosporine were prepared in dimethyl sulfoxide. Orthovana-
dateandgenisteinwere incubatedwithcells for3or16hat37 °C in
Dulbecco’s modified Eagle’s medium supplemented with 2 mM
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glutamine and 2% fetal calf serum. Staurosporine was incubated
with cells at 37 °C at the time of assay.
Preparation of Cell Extracts—In the case of pulldown exper-

iments after cell adhesion experiments, 5 � 106 HT1080 cells
were plated on BSA- or LG4/5-coated 75-cm2 dishes for the
indicated times. The total amount of cells (unadhered and
adhered cells) were pooled and extracted with cold radioim-
mune precipitation assay lysis buffer (20 mM Tris-HCl, pH 7.4,
150 mM NaCl, 2 mM EDTA, 250 �M phenylmethylsulfonyl flu-
oride, 1 mM N-ethylmaleimide, 1% Nonidet P-40, 1% Triton
X-100, 0.1% sodium deoxycholate, 0.1% SDS) in order that the
same pool of cells are analyzed in the various conditions. Con-
trol cultured cells were counted before the extraction. For all
protein phosphorylation studies, phosphatase inhibitor mix-
ture set II (Calbiochem) was added to the lysis buffer. All the
following procedures were performed at 4 °C. After centrifuga-
tion of the extracts, the supernatants were immediately pro-
cessed for pulldown experiments. In the case of pulldown
experiments using exclusively cultured cells, HT1080 or
HaCaT cells were extracted with radioimmune precipitation
assay lysis buffer, pH 7.4, containing 250 �M phenylmethylsul-
fonyl fluoride and 1 mM N-ethylmaleimide. After centrifuga-
tion, protein concentrations of lysates were determined, and
the equivalent amount of proteins was processed for pulldown
experiments using beads covered with various ligands.
Pulldown Experiments—For syndecan-1 pulldown assays,

the LG4/5 protein was covalently linked to CNBr-activated-
Sepharose 4B (Amersham Biosciences). Beads were incubated
with extracts for 2 h, washed, and incubated in digestion buffer
(20 mM sodium acetate, 5 mM CaCl2, pH 7.0) with 8 milli-
units/ml heparitinase I and 50 milliunits/ml chondroitinase
ABC (Seikagaku America, Coger, Paris, France) for 2 h at 25 °C.
The proteins were resolved either on 8 or 12% SDS-PAGE gels.
For syntenin-1 pulldown assays, beads covered with the GST
syndecan-1 fusion proteins described above were incubated
with cell extracts for 2 h, washed, and resolved on 12% SDS-
PAGE gels. Finally, neutravidin-agarose beads (Perbio Science,
Bezons, France) were covered with biotinylated synthetic pep-
tides QEEFYA or QEEFpYA (Eurogentec, Anger, France) and
incubatedwithHT1080 extracts for 2 h and treated as above for
syntenin-1 pulldown assays. When experiments were per-
formed with GST-fused PDZ domains proteins, beads covered
with syndecan-1-biotinylated peptides were incubated with
eluted proteins for 1 h in the presence of PBS containing 0.05%
Tween, washed, and resolved on 15% SDS-PAGE gels. In all
cases gels were transferred to nitrocellulose followed by immu-
nodetection by ECL for either syndecan-1, syntenin-1, or GST.
Immunoprecipitation—Cell lysates were incubated for 4 h

at 4 °C with Gamma Bind-G-Sepharose beads (Amersham
Biosciences) previously incubated overnight at 4 °C with or
without 10 �g of precipitating antibodies (Mi15 mAbs).
Beads carrying the immune complexes were washed 3 times
with PBS, 0.05% Tween. Immune complexes were dissoci-
ated by the addition of denaturing sample buffer, then
heated at 95 °C followed by separation by SDS-PAGE on a 8%
gel under non-reducing conditions. Gels were transferred to
nitrocellulose followed by immunodetection by ECL for syn-
decan-1 and phosphotyrosine.

Surface Plasmon Resonance Measurements—Biotinylated
synthetic peptide RMKKKDEGSYSLEEPKQANGGAYQKPT-
KQEEFYA and RMKKKDEGSYSLEEPKQANGGAYQKPT-
KQEEFpYA (Eurogentec) corresponding to the cytoplasmic
tail of syndecan-1 either in its unphosphorylated form or com-
prising a single phosphorylated tyrosine located within the
EFYA sequence were immobilized on Biacore sensorchips. For
that purpose, flow cells of a CM4 sensorchip were functional-
ized with 3500 resonance units of streptavidin as described (9),
and biotinylated peptides, each at 0.5 mM in HBS-P (10 mM
Hepes, 0.15 M NaCl, 0.005% P20, surfactant, pH 7.4) supple-
mentedwith phosphatase inhibitormixture set II, were injected
for 5 min across a streptavidin-activated surface. This proce-
dure yields an immobilization level of 600 and 650 resonance
units for the unphosphorylated and the phosphorylated pep-
tide, respectively. For binding assays, 100 �l of GST or GST
fused to PDZ 1 plus 2 domains were injected at a flow rate of 10
�l/min over the 2 surfaces, after which the formed complexes
were washed with HBS-P buffer for 5 min. Phosphatase inhib-
itor mixture set II was present in all samples, including the
Biacore running buffer.
Immunofluorescence Studies—Glass coverslips were coated

with LG4/5 (0.3 �M) at 4 °C overnight. After adhesion, cells
were fixed with 4% paraformaldehyde in PBS for 20 min, per-
meabilized with 0.1% Triton X-100 for 3 min, rinsed with PBS,
and subjected to a treatment with 8milliunits/ml heparitinase I
and/or 50milliunits/ml chondroitinase ABC for 1 h. After a 1-h
incubation with PBS 10% fetal calf serum, antibodies against
syndecan-1 and syntenin-1 were successively applied for 1 h.
Alexa Fluor 488 and Alexa Fluor 546 anti-mouse or anti-rabbit
antibodies were then applied together with Alexa Fluor 647
phalloidin for 30 min. Cells were observed with an Axioplan
Zeiss microscope or by laser-scanning confocal microscopy
(Zeiss LSM 510). Optical slides of 0.8 �m were selected at the
cell-matrix interface.
Molecular Modeling—Two models of the syntenin-1 PDZ2-

binding syndecan-1 QEEFYA or QEEFpYA structures were
generated using the x-ray-derived coordinate of the syntenin-1
PDZ2-binding syndecan-4 peptide TNEFYA (Protein Data
Bank accession number 1OBY) (29) as a template. For each
model a geometric optimization of the structure was computed
using the sybylmolecularmodeling package (SYBYL7.3, Tripos
International, St. Louis, MI). The Tripos forcefield with
Gasteiger-Marsilli atomic charge algorithm was applied with a
dielectric constant set to 80with a distance dependent function.
To relax the two systems, two short dynamics of 1 ns were
computed at constant volume and temperature (300 K). The
binding energy of the peptide to the PDZ2 was computed using
the ZAP algorithm, which is an enhancement of the Poisson-
Boltzmann equation and allows computing the binding energy
of two biopolymers. This energy was computed for the two
peptides complexes with the Syntenin-1. The binding energy is
about �2.92 kcal�mol�1 for the phosphorylated peptide and
�18.31 kcal�mol�1 for the unphosphorylated peptide.
Analytical Methods—The following procedures were per-

formed as previously described; that is, SDS-PAGE, followed by
the electrophoretic transfer of proteins to nitrocellulose with
immunoblot analysis (28).
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RESULTS

Tyrosine Phosphorylation of Syndecan-1 after Cell Adhesion
to LG4/5—Toget an insight into the syndecan-1 signaling path-
way, we analyzed the level of tyrosine phosphorylation of syn-

decan-1 upon cell adhesion to
LG4/5. HT1080 were allowed to
adhere to LG4/5 for different peri-
ods of time, and after cell lysis, syn-
decan-1 was purified by pulldown
experiments using beads covered
with LG4/5, as previously charac-
terized (9, 12). After digestion of the
glycosaminoglycan chains, the core
proteins were immunoblotted with
Abs to syndecan-1 and phosphoty-
rosine (Fig. 1,A and B). As shown in
Fig. 1B, freshly detached cells and
cultured cells displayed high levels
of tyrosine-phosphorylated synde-
can-1, leading to the conclusion that
some syndecan-1 is phosphorylated
in these conditions. After cell adhe-
sion to the LG4/5 fragment, the
level of tyrosine-phosphorylated
syndecan-1 decreased as time of
adhesion to LG4/5 increased. After
5 min of adhesion, tyrosine phos-
phorylation reduced (Fig. 1, B and
C), dropping off completely after 30
min. To verify that the 90-kDa band
revealed with the anti-phosphoty-
rosine antibody was the syndecan-1
core protein, we performed a series
of immunoprecipitation experi-
ments using cultured HT1080 cells.
Instead of using LG4/5 pulldown
assays, syndecan-1 was directly im-
munoprecipitated from lysates with
mAbs to syndecan-1. Upon GAG
digestion, syndecan-1 was detected
by anti-syndecan-1 immunoblot-
ting. Blotting immunoprecipitated
syndecan-1 with an anti-phospho-
tyrosine mAb revealed a band with
the same molecular weight as syn-
decan-1 (Fig. 1D). When GAG di-
gestion was omitted (Fig. 1D, lanes
2), syndecan-1 was not detected
anymore because of high molecular
weight GAG chains that prevented
efficient electrophoretic transfer to
nitrocellulose membranes. Under
these conditions, no signal was
observed with the anti-phosphoty-
rosine mAb. These observations
strongly suggested that the 90-kDa
phosphorylated protein was the
syndecan-1 core protein. Alto-

gether, these results demonstrate that some tyrosine residues in
the syndecan-1 core protein are phosphorylated and that their
dephosphorylation is an early event upon interaction with
LG4/5 that might be required for efficient cell adhesion. Pre-
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FIGURE 1. Tyrosine phosphorylation state of syndecan-1 upon HT1080 cell adhesion to �3LG4/5. A and B, 5 �
106 HT1080 cells were allowed to adhere for 0, 5, 30, and 60 min to LG4/5, and lysates corresponding to the total
plated cells were incubated with beads covered with LG4/5. A control with cultured HT1080 cells was carried out
(lanes C). After washes, bound material was digested with heparitinase I and chondroitinase ABC. Electrophoretic
analysis of the bound material was performed on a 8% SDS-polyacrylamide gel under reducing conditions followed
by sequential immunoblotting with the mAb PY20 against phosphotyrosine (B) and pAb H-174 against syndecan-1
(A). C, quantification of syndecan-1 tyrosine phosphorylation after adhesion to LG4/5. The data are representative of
three independent experiments. D, syndecan-1 was precipitated from HT1080 cell lysates with beads covered with
anti-syndecan-1 mAb Mi15. Bound material was either treated (lanes 1) or left untreated (lanes 2) with heparitinase/
chondroitinase and analyzed on an 8% SDS-polyacrylamide gel followed by immunoblotting of syndecan-1 and
phosphotyrosine. B and D, the migration positions of molecular mass markers are shown on the right. E, inhibition of
cell adhesion to the LG4/5 with a phosphatase inhibitor. HT1080 cells were used for cell adhesion to the LG4/5 (0.3
�M, black bars) and LN332 (2 nM, gray bars). HT1080 were seeded at density of 6 � 104 cells/well in serum-free
medium after treatment with the indicated concentrations of orthovanadate. For controls, cells were incubated
with serum-free medium only. The extent of adhesion was measured as described under “Materials and Methods”
and expressed as a percentage of adhesion in the absence of inhibitor. The data are representative of three inde-
pendent experiments. F and G, effect of genistein and staurosporine treatment on HT1080 cell adhesion to�3LG4/5.
Multiwell plates were coated with LG4/5 (0.3 �M), LN332 (2 nM), and 1% BSA. After saturation with 1% BSA, HT1080
cells previously cultured for 16 h (G) in the presence of the indicated concentrations of genistein were seeded in the
presence of genistein at the same concentrations. H, HT1080 cells were seeded in the presence of staurosporine at
the indicated concentrations. In all experiments HT1080 were seeded at a density of 6 � 104 cells/well in serum-free
medium. After 30 min the extent of adhesion was measured and expressed as a percentage of adhesion in the
absence of inhibitor.
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venting dephosphorylation should, therefore, result in the inhi-
bition of adhesion. To test this hypothesis, we performed cell
adhesion experiments on LG4/5 in the presence of phosphatase
inhibitors (Fig. 1E). Before cell adhesion assays HT1080 cells
were treated with orthovanadate, a widely used tyrosine phos-
phatase inhibitor shown, for instance, to enhance syndecan-1
phosphorylation in cultured cells (30). Integrin-mediated cell
adhesion to LN332 was performed concomitantly to establish
the specificity of the effect and to ensure the absence of drug
toxicity. A concentration of 0.1 mM orthovanadate was suffi-
cient to partially prevent cell adhesion to LG4/5. Integrin-me-
diated cell adhesion to LN332 was unaffected. We concluded
that orthovanadate impedes cell adhesion to LG4/5, although
off-target effects of orthovanadate treatment cannot be for-
mally ruled out.
To further assess the role of syndecan phosphorylation in

adhesion, phosphorylation was blocked by the use of specific
tyrosine kinase inhibitors (Fig. 1, F and G). In this case consti-
tutive unphosphorylated syndecan-1 should increase cell adhe-
sion. As genistein was shown to inhibit tyrosine phosphoryla-
tion of syndecan-1 in adherent B82 fibroblasts (30), HT1080
were treated with genistein for 16 h before cell adhesion assays
to LG4/5. Genistein treatments induced a significant and dose-
dependent increase in cell adhesion to LG4/5 (Fig. 1F). Adhe-
sion to LG4/5 was specific as no adhesion to BSA nor increased
adhesion to LN332 depending on integrins was observed at any
genistein concentration used. Staurosporine, another tyrosine
kinase inhibitor previously shown to inhibit phosphorylation of
syndecan-1 (30), gave identical results (Fig. 1G). No significant
change in cell adhesion was observed in integrin-mediated
adhesion to LN332 upon staurosporine treatment.
Because tyrosine dephosphorylation was essential for synde-

can-1-mediated adhesion to LG4/5, several syndecan-1 mu-
tants were designed to determine critical tyrosine residues
within its cytoplasmic domain. We had previously shown that
transfection of syndecan-1 in the A375 cell line, which does not
express syndecan-1, switched its phenotype fromnon-adherent
to adherent to the LG4/5 fragmentwith concomitant formation
of filopodia (12). We made use of this A375-Syn1 cell model to
examine whether any of the three tyrosine residues (Tyr-286,
Tyr-299, and Tyr-309) present in the cytoplasmic domain of
syndecan-1 (Fig. 2A) is involved in the syndecan-1-mediated
adhesion to LG4/5 and subsequent formation of spikes. In a
first set of experiments we mutated each individual tyrosine to
phenylalanine, a non-phosphorylatable amino acid (Fig. 2A).
Transfection of A375 cells with the mutated constructs Syn1-
FYY, Syn1-YFY, and Syn1-YYF resulted in expression of synde-
can-1 at the cell surface, similar to that of A375-Syn1 cells
(Syn1-YYY), as shown bymonitoring syndecan-1 expression by
flow cytometry (Fig. 2B). To further characterize these synde-
can-1 mutants, LG4/5 pulldown experiments were performed
(Fig. 2C). Capture of syndecan-1 was carried out by incubating
A375, A375-Syn1-YYY, and A375-Syn1-mutants cell lysates
with beads covalently covered with LG4/5. Treatment of the
LG4/5-bound proteoglycan receptor as described in Fig. 1A
revealed a band corresponding to the syndecan-1 core protein
in A375-Syn1 mutants cells identical to that isolated from the
A375-Syn1 as already reported (12). Cell adhesion experiments

to the LG4/5 fragment revealed that all four transfected cell
types adhered to the LG4/5 fragment in a dose-dependentman-
ner (Fig. 2D), although adhesion appeared reduced for the
A375-Syn1-YYF cell line. Analyzing themorphology of the cells
after adhesion to the LG4/5 fragment (Fig. 2E) revealed that
only the A375-Syn1-YYFmutant failed to spread and form cel-
lular protrusions otherwise observed with wild-type A375-
Syn1-YYY cells (Fig. 2E and Ref. 12). Our results suggest that
Tyr-309 in syndecan-1 is critical for spreading and microspike
formation in cells adhered to the LG4/5 fragment. To establish
that Tyr-309 was phosphorylated in cells, we designed an addi-
tional syndecan-1 construct Syn1-FFFY in which Tyr-309 was
the only phosphorylatable tyrosine left in the cytoplasmic
domain of syndecan-1 (Fig. 2F). In addition, the tyrosine resi-
due (Tyr-276) predicted to be located at the border between the
transmembrane domain and the cytoplasmic tail was also
mutated to phenylalanine. A control construct in which all
tyrosines were mutated Syn1-FFFF was also designed. Con-
structs were transfected in A375 cells, and A375-Syn1-FFFY
andA375-Syn1-FFFF clones were selected for their syndecan-1
expression at the cellmembrane by both fluorescence-activated
cell sorter and syndecan-1 Western blotting analysis (data not
shown). Pulldown experiments were performed by incubating
A375-Syn1, A375-Syn1-FFFY, and A375-Syn1-FFFF cell
lysates with beads covalently covered with LG4/5. The LG4/5
bound material was GAG-digested and separated by SDS-
PAGE followed by Western blotting for syndecan-1 and phos-
photyrosine (Fig. 2F). Syndecan-1 was purified from A375-
Syn1, A375-Syn1-FFFY, and A375-Syn1-FFFF cell lysates as
revealed by anti-syndecan-1 blotting. The anti-phosphoty-
rosine antibody blotted the syndecan-1 core protein band from
the A375-Syn1 and A375-Syn1-FFFY cells but not that of the
A375-Syn1-FFFF cells. We, thus, concluded that tyrosine Tyr-
309 can be phosphorylated in cells.
Syntenin-1 Binds Syndecan-1 upon Cell Adhesion to LG4/5—

Tyr-309 belongs to the carboxyl-terminal EFYAmotif, which is
conserved in all vertebrate syndecans (31) and interacts with
proteins containing PDZ domains. Among these, syntenin-1,
which contains two PDZ domains, was suggested to serve as an
adaptor protein that may couple syndecans to cytoskeletal pro-
teins or cytosolic downstream signal-effectors (23, 32, 33).
Because the above results suggested that syndecan-1 Tyr-309
phosphorylation could play a critical role in cell adhesion and
formation of cellular protrusions, we next assessed whether
phosphorylation of this tyrosine residue could control synte-
nin-1 recruitment. We first established that syntenin-1 bound
tyrosine-unphosphorylated syndecan-1 after cell adhesion to
LG4/5 (Fig. 3A). For this purpose HT1080 cells were allowed to
adhere to LG4/5 for 60 min, and the amount of syntenin-1
bound to syndecan-1was determined by pulldown experiments
using beads covered with LG4/5 and subsequentWestern blot-
ting analysis. As shown in Fig. 3A, cell adhesion to the LG4/5
fragment induced a 45% increase of the amount of syntenin-1
bound to syndecan-1 in the pulldown assay as compared with
non adhered cells (p � 0.1). Therefore, syntenin-1 binding to
syndecan-1 appears directly correlated with the dephosphoryl-
ation level of syndecan-1. Note that the syntenin-1/syndecan-1
interaction was already observed before cell adhesion to LG4/5
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as the total pool of syndecan-1 is not
phosphorylated under these condi-
tions, and the unphosphorylated
syndecan-1 fraction could be prone
to syntenin-1 recruitment (see Fig.
1, A and B). To confirm the correla-
tion between syndecan-1 dephos-
phorylation and syntenin-1 recruit-
ment, HT1080 cells were treated
with orthovanadate to prevent synde-
can-1 tyrosine dephosphorylation,
and syndecan-1 pulldown assays
were performed. As shown in Fig.
3B, orthovanadate treatment slightly
enhanced the phosphorylation level
of tyrosine residues in syndecan-1
and concomitantly decreased the
binding of syntenin-1, reinforcing
the hypothesis that tyrosine de-
phosphorylation regulates synte-
nin-1 recruitment to syndecan-1.
To firmly establish the link between
the binding of syntenin-1 to
unphosphorylated syndecan-1 and
the formation of cellular protru-
sions, we transfected A375 cells
with a mutated form of syndecan-1
in which Tyr-309 was changed to
aspartic acid. Pulldown experi-
ments using control A375-syn1 and
A375-syn1-YYD cell lysates re-
vealed that the Tyr-309-mutated
syndecan-1 failed to bind synte-
nin-1 and inhibited the formation of
membrane protrusions after cell
adhesion to the LG4/5 fragment
(Fig. 3C). Altogether, these results
suggest that binding of syntenin-1
to the unphosphorylated Tyr-309 in
syndecan-1 allows the formation of
protrusions in cells plated on the
LG4/5 fragment.
Tyr-309 Phosphorylation in EFYA

Prevents Syntenin-1 Binding to
Syndecan-1—To further evaluate
the effect of syndecan-1 tyrosine
phosphorylation on syntenin-1 re-
cruitment and to identify synde-
can-1 tyrosine residues implicated
in this process, pulldown experi-
ments with fusion proteins between
GST and the cytoplasmic domain of
syndecan-1 were performed. For
this purpose, a native unphospho-
rylated GST-YYY as well as four
mutated forms (Fig. 4A), in which
either all or individual tyrosine resi-
dues were changed to aspartic acid
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FIGURE 2. Involvement of syndecan-1 tyrosine residues in LG4/5-mediated formation of microspikes.
A, schematic diagram of syndecan-1 constructs. The wild-type human syndecan-1 and three mutants of the
tyrosine residues (Tyr-286, Tyr-299, and Tyr-309) in the syndecan-1 cytoplasmic tail were cloned in the expres-
sion vector pIRES1 neo and stably transfected in A375 cells. B, high expression levels of syndecan-1 transfec-
tants in A375-Syn1-YYY, A375-Syn1-FYY, A375-Syn1-YFY, and A375-Syn1-YYF (bold line) as compared with
wild-type A375 cells (thin line), as determined by fluorescence-activated cell sorter analysis with the mAb Mi15
specific for syndecan-1. The dotted line corresponds to negative staining. C, as indicated, syndecan-1 was
precipitated from A375, A375-Syn1-YYY, A375-Syn1-FYY, A375-Syn1-YFY, and A375-Syn1-YYF cell lysates with
beads covered with LG4/5. Bound material was treated with heparitinase I/chondroitinase ABC and analyzed
on an 8% SDS-polyacrylamide gel followed by immunoblotting of syndecan-1. D, dose-dependent cell adhe-
sion of A375-Syn1-YYY, A375-Syn1-FYY, A375-Syn1-YFY, and A375-Syn1-YYF to the LG4/5 fragment. Multiwell
plates were coated with increasing concentrations of LG4/5. EDTA-released cells were seeded (8 � 104 cells/
well) and incubated for 1 h. E, morphology of A375-Syn1 transfectants after plating for 1 h on surfaces coated
with 0.3 �M LG4/5. Bars, 20 �m. F, as indicated, syndecan-1 was precipitated from A375, A375-Syn1, A375-Syn1-
FFFY, and A375-FFFF cell lysates with beads covered with LG4/5. Bound material was treated with heparitinase
I/chondroitinase ABC and analyzed on an 8% SDS-polyacrylamide gel followed by immunoblotting of synde-
can-1 and phosphotyrosine. C and F, molecular markers are indicated on the left.
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to mimic phosphorylation (34, 35),
were produced in bacteria. The
fusion proteins were purified on
glutathione-Sepharose beads and
first analyzed by SDS-PAGE fol-
lowed by Coomassie Blue staining
to verify the production (Fig. 4A).
The beads covered with the various
fusion proteins were then incubated
withHT1080 cell lysates to assay the
binding of syntenin-1. As shown in
Fig. 4B, GST-YYY strongly inter-
acted with syntenin-1 as compared
with GST alone. In contrast, synte-
nin-1 failed to interact with the
phospho-mimetic mutant GST-DDD.
Using the set of individual mutated
tyrosine mutants revealed that only
the fusion protein GST-YYD, mim-
icking phosphorylation of Tyr-309,
prevented syntenin-1 binding. To
verify whether these results were
reproducible in the context of epi-
thelial cells, these experiments were
repeated with the keratinocyte cell
line HaCaT, and identical results
were obtained (Fig. 4C). These data
suggested that phosphorylation of
Tyr-309 might regulate syntenin-1
interaction with syndecan-1. To
formally prove this hypothesis, we
chose an alternative approach using
commercial tyrosine-phosphoryla-
ted EFYA peptides corresponding
to the last four carboxyl-terminal
amino-acids of syndecan-1 includ-
ing Tyr-309. The minimal sequence
EFYA, shown to be required for syn-
tenin-1 binding (23), was coupled to
biotin as well as its tyrosine-phos-
phorylated counterpart EFpYA.
Both peptides were captured on
neutravidin beads for syntenin-1
pulldown experiments. As shown in
Fig. 4D, syntenin-1 bound to EFYA
peptides but not to phosphorylated
EFpYA peptides. These results de-
monstrate that phosphorylation of
Tyr-309 regulates syntenin-1 bind-
ing to the EFYA sequence in synde-
can-1 cytoplasmic domain.
In light of these observations, at

least two different regulatory mech-
anisms of syntenin-1 binding to syn-
decan-1 could be proposed. First,
phosphorylation of Tyr-309 might
directly impede syntenin-1 binding
because of a conformation change
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total cells were incubated with beads covered with LG4/5. After washes, bound material was digested with hepariti-
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syntenin-1. The experiment was repeated 4 times, and syntenin-1 contents obtained after cell adhesion to LG4/5
were compared with that obtained with unadhered cells by using Student’s t test; p � 0.1 B, syntenin-1 binding to
syndecan-1 depending on the level of syndecan-1 tyrosine phosphorylation. HT1080 cells were cultured in the
absence or presence of 1 mM orthovanadate for 3 h. Corresponding cell lysates were incubated with beads covered
with LG4/5. After washes, bound material was digested with heparitinase I and chondroitinase ABC. Electrophoretic
analysis of the bound material was performed either on an 8% SDS-polyacrylamide gel followed by sequential
immunoblotting with the pAb H-174 against syndecan-1 and the mAb PY20 against phosphotyrosine or 12%
SDS-polyacrylamide gel for immunoblotting with the pAb against syntenin-1. Quantifications of phosphotyrosine
in syndecan-1 and of associated syntenin-1 in cells treated with orthovanadate are relative to that of control-un-
treated cells. C, the mutated form of syndecan-1 bearing an aspartic acid at Tyr-309 was cloned in the expression
vector pIRES1 neo and stably transfected in A375 cells. As indicated, syndecan-1 was precipitated from A375-Syn1-
YYY and A375-Syn1-YYD cell lysates with beads covered with LG4/5, and bound material was treated with hepariti-
nase I/chondroitinase ABC. Electrophoretic analysis of the bound material was performed either on an 8% SDS-poly-
acrylamide gel followed by immunoblotting with the pAb H-174 against syndecan-1 or 12% SDS-polyacrylamide
gel for immunoblotting with the pAb against syntenin-1. Right panel, morphology of A375-Syn1-YYY and A375-
Syn1-YYD cells after plating for 60 min on surfaces coated with 0.3 �M LG4/5. Bars, 20 �m. B and C, the data are
representative of three independent experiments.
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of the EFYA peptide or to a steric hindrance brought by the
phosphate group of Tyr(P)-309. Alternatively, phosphorylated
Tyr-309 might recruit another protein preventing syntenin-1
binding to syndecan-1. To discriminate between these two pos-
sibilities, we analyzed the impact of Tyr-309 phosphorylation
on the direct in vitro interaction between EFYA/EFpYA pep-
tides and recombinantly produced syntenin-1. Syntenin-synde-
can-1 interaction relies on the carboxyl-terminal part of synte-
nin-1, which contains a tandem of PDZ domains (PDZ1 and
PDZ2). Both PDZ domains participate in a cooperativemanner
in the binding to syndecans (32). We, therefore, produced GST
fusion proteins including the PDZ1-PDZ2 tandem as well as
each individual PDZ domain of syntenin-1. The fusion proteins
were purified on glutathione-Sepharose beads and analyzed by
SDS-PAGE followed by Coomassie Blue staining (Fig. 5A).
TheseGST-PDZ1, GST-PDZ2, andGST-PDZ1-PDZ2 proteins
were eluted from beads and tested for their ability to interact
with neutravidin beads covered with either EFYA or EFpYA as
described above. As shown in Fig. 5B, both the PDZ1-PDZ2
tandem and the PDZ2 domain alone bound to EFYA peptides,

whereas phosphorylation of the
tyrosine residue in the EFYA
sequence prevented this binding. As
expected (32, 29), the PDZ1 domain
alone did not interact with EFYA
peptides andwas used here as a neg-
ative control. These results firmly
demonstrate that the phosphoryla-
tion of Tyr-309 in syndecan directly
regulates syntenin-1 recruitment.
To further support this view we
designed a Biacore-based binding
assay in which the binding of GST-
PDZ1-PDZ2 tandem to immobi-
lized unphosphorylated syndecan
peptide was compared with that of
its phosphorylated counterpart. To
control the amount of immobilized
peptide and overcome the detection
sensitivity problems, which would
occur with a low molecular mass
tetrapeptide, we switched to a lon-
ger peptide corresponding to the
full-length, 34 residue, cytoplasmic
domain of syndecan. As a first step,
we repeated the pulldown experi-
ment and confirmed that, using this
method, phosphorylation of the Tyr-
309 prevented binding of the PDZ1-
PDZ2 tandem (Fig. 5C). The two
biotinylated peptides were then
captured on top of streptavidin-ac-
tivated sensorchips to similar levels,
over whichGST orGST fused to the
PDZ1-PDZ2 tandem were injected.
None of these samples bound to
streptavidin (data not shown). GST
alone did not interact with the cyto-

plasmic domain of syndecan (whether it was phosphorylated or
not). In contrast, the PDZ1-PDZ2 fusion construct showed a
strong interaction with the unphosphorylated peptide, a bind-
ing that was fully inhibited by the presence of the phosphate
group on the Tyr-309 (Fig. 5D). Altogether, these data demon-
strate that the phosphorylation status of the Tyr-309 in synde-
can directly regulates syntenin-1 recruitment.
Syntenin-1 Is Required for LG4/5-induced Microspikes—To

determine whether syntenin-1 interaction with syndecan-1
resulted in their cellular colocalization, we next analyzed syn-
tenin-1 distribution in HT1080 and A375-Syn1 cells plated on
LG4/5 by confocal microscopy. Although syndecan-1 has a
peripheral distribution in freshly spreading cells, it is not pres-
ent in focal contacts and colocalizes with actin microfilaments
when clustered and in long-term adherent cells (36, 37). In cell
adhered on the LG4/5 fragment, actin was assembled in typical
radial protrusions termed microspikes, along which synde-
can-1 staining was found (Fig. 6A). Syntenin, of which stain-
ing was very strong all over the cell nuclei, also specifically
decorated the cytoplasmic extensions in a manner compara-
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ble with that of actin microfilaments and syndecan-1 (Fig.
6A), consistent with the hypothesis that syntenin-1 recruit-
ment in microspikes is mediated by syndecan-1.
To further assess the direct role of syntenin-1 in microspike

formation after cell adhesion to LG4/5, siRNAoligonucleotides
specific for human syntenin (syntenin-siRNA) were used to
down-regulate its expression. A representative experiment
showed that the expression of syntenin-1was reduced by�95%
in siRNA-transfected HT1080 and A375-Syn1 cells, as shown
by monitoring syntenin-1 expression byWestern blotting (Fig.

6, B and C). Cell adhesion experi-
ments to the LG4/5 fragment
revealed that syntenin-siRNA-trans-
fected cells adhered to the LG4/5
fragment but failed to spread and
form cellular protrusions (only 10%
of adhered HT1080 or A375-Syn1
cells developed microspikes versus
60 and 80% in siRNA control-trans-
fected HT1080 and A375-Syn1
cells, respectively, Fig. 6, B and C).
These results reinforce the notion
that syntenin-1 recruitment to the
cytoplasmic tail of syndecan-1 is
involved in the formation of cellular
protrusions.

DISCUSSION

The transmembrane proteogly-
can syndecan-1 participates in cell
adhesion to the precursor form of
LN332 through an interaction with
its carboxyl-terminal LG4/5 domain
(9). This interaction promotes cell
spreading and contributes to in vitro
pre-LN332-induced human kerati-
nocyte migration. Although the
biology of this interaction is now
well described, the molecular
machinery implicated in these pro-
cesses is still badly understood. To
gain insights into theses mecha-
nisms, we have established a cell
adhesion model in which synde-
can-1 solely interacts with a recom-
binantly expressed �3LG4/5 frag-
ment without any contribution of
integrins to cell adhesion. Plating
keratinocytes or HT1080 cells on
the LG4/5 fragment does not allow
migration but induces the forma-
tion of actin-containing protrusive
structures through activation of Rac
and Cdc42 GTPases (12). To dissect
syndecan-1-associated intracellular
events, we analyzed the level of tyro-
sine phosphorylation in syndecan-1
after cell adhesion to the LG4/5

fragment. Here we report for the first time that syndecan-1 is
rapidly tyrosine-dephosphorylated upon cell adhesion. The
kinetics of this phenomenon is comparable with the rate of
attachment to the LG4/5 fragment and can be completed
within 5 min, suggesting the involvement of an active tyrosine
phosphatase. The link between syndecan-1 phosphorylation
and cell adhesion was further strengthened by the use of
orthovanadate, which by inhibiting phosphatases dramatically
prevented cell adhesion to the LG4/5 fragment. Together these
results reinforce already published data showing that synde-
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GST-PDZ1, GST-PDZ2, and GST-PDZ1-PDZ2, as indicated. 50 ng of each GST-protein was electrophoretically
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curve) from 0 to 600 s, after which the formed complexes were washed with running buffer. The binding
response was recorded in resonance units (RU) as a function of time. The binding curve obtained by injection
of GST alone on both surfaces is shown in black.
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can-1 function might be regulated by phospho/dephosphoryl-
ation events (30), although this previous work did not provide
any explanations for the effect of syndecan-1 dephosphoryla-
tion. Interestingly, syndecan-1 phosphorylation results in the
cleavage of its ectodomain and its release into cell culture
medium (38). Therefore, it is tempting to propose that cell
binding to the LG4/5 fragment by inducing syndecan-1 dephos-
phorylation might protect syndecan-1 from cell surface shed-
ding, thus allowing its involvement in signal transduction
induced by pre-LN332. This hypothesis is further supported by

our observation that genistein and staurosporine, two potent
tyrosine kinase inhibitors previously shown to promote synde-
can-1 down-phosphorylation (30), significantly enhanced cell
adhesion to LG4/5.
Besides shedding control, tyrosine dephosphorylation of

syndecan-1 may promote conformational changes of its cyto-
plasmic domain and/or provide binding sites for other proteins
and regulate syndecan-1 association with cytoskeleton compo-
nents. Syndecan-1 cytoplasmic domain contains three tyrosine
residues that are conserved among all syndecan family mem-
bers (Tyr-2, Tyr-3, Tyr-4). An additional tyrosine (Tyr-1) is
located within the transmembrane domain. Two of the cyto-
plasmic tyrosine residues are likely targets for phosphorylation
based on their surrounding amino acid sequences (31). One of
them (Tyr-2) is located within the membrane-proximal con-
served region C1 (DEGSY), and the other (Tyr-4) is located
within a second conserved sequence (EFYA) at the extreme
carboxyl-terminal region C2 (30). The third cytoplasmic tyro-
sine (Tyr-3) is located within the V region. An in vitro kinase
assay has revealed that all tyrosine residues in the cytoplasmic
domain of syndecan-3, the closest homologue of syndecan-1,
can be phosphorylated (39). However, whether one or several
tyrosine residues are targets for phosphorylation on synde-
can-1 in vivo is still unknown, and whether these events are
associated to functional features has never been assessed. By
producing several syndecan-1mutants inwhich each individual
tyrosine was replaced by phenylalanine and expressing them in
cells that do not express syndecan-1, we identified Tyr-4 as the
tyrosine residue critical for cell spreading on the LG4/5 frag-
ment andmicrospikes formation. The observation that Y2F and
Y3F mutations did not impair syndecan-1-mediated spreading
on the LG4/5 fragment strongly suggests that phosphorylation
of these tyrosine residues is not necessary for microspike for-
mation. This conclusion is in agreement with a study reporting
that mutation of mouse syndecan-1 Tyr-3 to the unphospho-
rylatable residue alanine does not abolish the formation of
actin-microspikes in cells plated on an immobilized anti-syn-
decan-1 ectodomain antibody (22). However, in contrast with
our observation is an early report byCarey et al. (21) showing by
syndecan-1 ectodomain antibody cross-linking experiments
that tyrosine 3 of the V region in syndecan-1 is essential for
microfilament association. This apparent controversy could
reflect that the signaling properties of syndecan-1 might
depend on the nature of its ligand. Indeed, at the difference of
antibody-mediated cross-linking, cell adhesion to the LG4/5
fragment, a physiological ligand, ismediated by theGAGchains
present in the syndecan-1 ectodomain (9), and this may result
in distinct syndecan-1 signaling capacities. Interestingly, syn-
decan-2 is phosphorylated by the EphB2 receptor-tyrosine
kinase on Tyr-2 and Tyr-4 residues, leading to dendritic-spine
formation in neurons (40). Therefore, it appears that, even if
Tyr-4 in the EFYA sequence is conserved among all syndecans,
distinct mechanisms are at play for the remodeling of the actin
cytoskeleton depending on the syndecan family member and
triggering ligands.
As a first step toward the understanding of the mechanisms

relying on tyrosine phosphorylation of syndecan-1, we investi-
gated the role of Tyr-4 in cellular functions. Indeed, we showed
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FIGURE 6. Syntenin-1 is localized in LG4/5-induced microspikes. A, EDTA-
released HT1080 or A375-syn1 cells were plated on surfaces coated with 0.3
�M LG4/5 for 1 h, fixed, and stained either with the mAb DL101 against syn-
decan-1 (green), pAb against syntenin-1 (red), and actin (bleu). The merged
image of cells plated on LG4/5 shows a juxtaposition of the syndecan-1- and
syntenin-1-staining patterns in microspikes. Optical slides of 0.8 �m were
selected at the cell-matrix interface. Bars, 10 �m. B and C, behavior of synte-
nin-1 knock-down cells plated on LG4/5. Low expression levels of syntenin-1
in HT1080 (B) and A375-Syn1 (C) cells transfected with syntenin-specific
siRNA as determined by Western blotting are shown. 10 �g of cell lysates
from untreated cells (lanes 1) and cells transfected with control-siRNA (lanes
2), syntenin-siRNA (lanes 3), were analyzed on a 12% SDS-polyacrylamide gel
followed by immunoblotting of syntenin-1. HT1080 (B) and A375-Syn1 (C) cell
adhesion of syntenin-siRNA-transfected cells to the LG4/5 fragment was com-
pared with cells transfected with control siRNA. Bar, 10 �m.
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that mutated Tyr-4 syndecan-1 failed to assemble cellular pro-
trusions. This result strongly suggests that the tyrosine 4 resi-
due is necessary for syndecan-1-mediated spreading on the
LG4/5 fragment. This tyrosine residue belongs to the highly
conservedC2 region EFYA that binds a number of PDZdomain
proteins (for review, see Ref. 20). Among these, syntenin-1,
which couples syndecans to cytoskeletal proteins or to down-
stream signal-effectors in actinmicrofilament-related adhesion
sites (23, 32, 33), was a good candidate to link dephosphorylated

syndecan-1 to the induction of
microspike formation upon LG4/5
adhesion. Supporting this hypothe-
sis were our pulldown experiments
data showing 1) that syntenin-1 is
recruited by syndecan-1 in cells
plated on the LG4/5 fragment and
2) that syntenin-1 does not bind
phosphorylated syndecan-1 in cells
treated with orthovanadate. Addi-
tional pulldown experiments using
several tyrosine phospho-mimetic
syndecan-1 fusion proteins, in
which tyrosine residues were
changed to aspartic acid to mimic
phosphorylation (34, 35), suggested
that phosphorylation of tyrosine 4
may induce inhibition of syntenin-1
binding to the syndecan-1 cytoplas-
mic tail. Whether the inhibition
of syntenin-1 interaction to the
mutatedY4D syndecan-1 is the con-
sequence of its phosphorylated-like
state remains, however, question-
able, as it has been previously shown
that the tyrosine residue Tyr-4 itself
is critical for syntenin-1 binding
(41). Indeed, mutation of this tyro-
sine residue to either Ala (23) or Lys
(42) results in a significant decrease
in syntenin-1 binding without
implying phosphorylation events in
this process. We definitely solved
this ambiguity by showing for the
first time that a peptide correspond-
ing to the minimal sequence EFYA
known to bind to syntenin-1 (23)
failed to interact when the tyrosine
residue is phosphorylated. Alto-
gether, our results strongly support
a role for the tyrosine 4 dephospho-
rylation in the regulation of synte-
nin-1 recruitment by syndecan-1. A
similarmechanismwas reported for
B class ephrins in which phospho-
rylation of either one of the two suc-
cessive tyrosine residues within the
PDZ binding domain affects the
binding of syntenin (43). Other reg-

ulatory mechanisms implicating the phosphorylation of a ser-
ine residue within the carboxyl terminus of PDZ-binding pro-
teins were reported to either disrupt (44–46) or enhance (47)
their interaction with PDZ domains. Involvement of a tyrosine
residue has also been described in a study reporting that tyro-
sine phosphorylation in the PDZ binding domain of the recep-
tor-tyrosine kinase erbB2 abolishes its interaction with the
Erbin PDZ domain (48). Recently, studies on syndecan-4
revealed that phosphorylation of Ser-183 (49), a residue in the
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FIGURE 7. Co-structural model of syntenin-1 PDZ2-binding syndecan-1 peptide QEEFpYA. Two models of
the syntenin-1 PDZ2-binding syndecan-1 QEEFpYA (A) or QEEFYA (B) structures were generated using the
x-ray-derived coordinate of the syntenin-1 PDZ2-binding syndecan-4 peptide TNEFYA (Protein Data Bank
accession number 1OBY) (29) as a template. The Tyr-1 is in a groove formed by Thr-206, Phe-211, and Ile-212,
which orient its aromatic cycle. This groove is well adapted to the size of the Tyr cycle but is too narrow when
the latter contains a phosphate on its hydroxyl function. Furthermore, the contact of the phosphate group with
the PDZ2 Asp-204 is unfavorable in term of columbic energy of interaction. Finally, the Tyr-1 hydrogen bond
with Thr-206 and the �-stacking of its aromatic ring with His-208 are lost when the Tyr-1 is phosphorylated. The
binding energy of the peptide to the PDZ2 was computed using the ZAP algorithm, which is an enhancement
of the Poisson-Boltzmann equation, allowing computing of the binding energy of two biopolymers. This
energy was computed for the two peptides complexes with the syntenin-1. The binding energies are about
�2.92 kcal�mol�1 for the phosphorylated Tyr-1 and �18.31 kcal�mol�1 for the unphosphorylated Tyr-1. The
color of the surface is mapped with atomic partial charge. Negative charge is colored in blue, neutral charge is
in white, and positive charge is in red.
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C1 region, induces a conformational change in the C2 domain
even though the phosphorylation site is 20 residues away and
impedes the PDZbinding of syntenin-1 (50). Such amechanism
could also occur in syndecan-1 as this Ser residue is conserved
through all syndecans in the C1 region. Further experiments
will be required to test this hypothesis.
Syntenin contains two PDZ domains (PDZ1 and PDZ2).

Each domain consists of six �-strands (�1–�6) and two �-hel-
ices (�1 and�2), which fold into a six-stranded�-sandwich (51,
52). Several co-crystallization studies have shown that the car-
boxyl terminus of the FYA-interacting peptide docks into a cav-
ity formed by the �2 strand, the �2 helix, and a loop connecting
�1 and �2 strands (29, 41). The PDZ2 pocket binds syndecan
with higher affinity than the PDZ1 pocket, but both pockets are
necessary for high affinity binding to oligomeric syndecans,
suggesting a cooperative binding mode (32, 33). This was
recently confirmed by structural analysis coupling hetero-
nuclear NMR and single x-ray diffraction, reporting that the
two PDZ domains participate cooperatively in the binding of
syndecan dimers, with PDZ2 being the dominant module (42).
Mutational (23, 33) and crystallographic studies (29) have
revealed that syntenin-1 mainly recognizes the side chains of
the three carboxyl-terminal amino acids in the syndecans,
namely FYA, whereas the upstream residues are not involved.
Therefore, like all PDZ binding peptides, the terminal carbox-
ylate of the FYA peptide interacts with three hydrogen bonds
from three main chain amide groups within the conserved gly-
cine-rich loop preceding the �2 strand in the PDZ domain.
Co-structural analysis of a syndecan-4 peptide with individual
PDZ domains showed that both Phe and Tyr residues of the
carboxyl-terminal syndecan sequence (FYA) play critical roles
in the interaction with the PDZ2 domain, each of them being
lodged into well defined specificity pockets, respectively,
namely S-2 and S-1. The Tyr residue is lodged into the S-1
pocket cushioned byHis-208, Ile-212, and Val-222.Most inter-
estingly, the aromatic ring of the tyrosine is additionally
involved in an off-center stacking interaction with the critical
His-208 residue of the PDZ2 S-1 pocket. Based on this co-struc-
tural model (29), we designed a structural model of the synte-
nin-1 PDZ2 domain together with a syndecan-1 peptide in
which the Tyr residue is phosphorylated (Fig. 7). This model
reveals that the size of the S-1 pocket is well adapted to the size
of the Tyr aromatic ring but is too narrow when the latter con-
tains a phosphate on its hydroxyl function. In addition, the
phosphate group would interact with the Asp-204 located
within S-1, but this interaction is unfavorable in term of colum-
bic energy of interaction. Finally the �-stacking interaction of
the aromatic ring of the tyrosine with His-208 is lost when the
tyrosine residue is phosphorylated. Altogether, our data con-
firm that the tyrosine located within the FYA sequence in syn-
decan-1 is crucial for its interaction with syntenin-1 and addi-
tionally demonstrate that this interaction is regulated by its
phosphorylation state.
The observation that cell adhesion to the LG4/5 fragment

induces tyrosine dephosphorylation in the syndecan-1 cyto-
plasmic tail, which in turn binds syntenin-1, suggests that syn-
tenin-1 may play a role in the formation of cellular protrusions.
This hypothesis is further reinforced by confocal microscopy

analysis revealing that syntenin-1 colocalizes with syndecan-1
in actin-rich cellular protrusions formed in cells plated on the
LG4/5 fragment. Moreover, we show that knocking-down syn-
tenin-1 expression dramatically reduced the formation of
microspikes in these adhered cells. This result corroborates the
observation that inhibition of syntenin-1 expression in cultured
epithelial cells induces cellular rounding and detachment (53).
A role for syntenin-1 in syndecan-1 adhesion sites was previ-
ously suggested in a study showing that recombinant enhanced
green fluorescent protein-syntenin-1 fusion proteins decorate
the plasma membrane and co-cluster with overexpressed syn-
decans (23). Moreover, cells overexpressing syntenin-1 dis-
played numerous cellular extensions, suggesting a link between
syntenin-1 and cytoskeleton membrane organization (23, 33,
54). Altogether, these data suggest that, as syntenin-1 has no
obvious catalytic domain and, therefore, is unlikely to have a
signaling function by itself, it could connect syndecan-1 to sig-
naling components and to the actin cytoskeleton.
What could be the physiological relevance of syntenin-1

recruitment by syndecan-1 after cell adhesion to the LG4/5
domain in pre-LN332? Several reports suggest amodel inwhich
syntenin-1 recruitment would be essential for cell migration
(54, 55); however, a potential link with syndecan was not ana-
lyzed. Interestingly syntenin-1 is overexpressed in a number of
metastatic breast, gastric, and melanoma cancer cell lines and
tumor tissues, in which its expression correlated with the
migratory andmetastatic potential (54, 56, 57).We have shown
that syndecan-1-mediated formation of protrusions in cells
plated on pre-LN332 depends on the activation of the Rac and
Cdc42 (12), two members of the Rho family GTPase known to
regulate actin cytoskeleton and play a pivotal role in cell motil-
ity (58). As syntenin-1was shown to play a role in the formation
of actin-dependent cell adhesion structures through regulatory
activities of the GTPases Rac, Cdc42, and Rho (33), we propose
that syntenin-1 may affect Rho family GTPase activity and,
therefore, play an important role in signaling events after syn-
decan-1-mediated cell adhesion to the LG4/5 domain in pre-
LN332.
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